Talipes equinovarus is one of the most common congenital musculoskeletal anomalies and has a worldwide incidence of 1 in 1000 births. A genetic predisposition to talipes equinovarus is evidenced by the high concordance rate in twin studies and the increased risk to first-degree relatives. Despite the frequency of isolated talipes equinovarus and the strong evidence of a genetic basis for the disorder, few causative genes have been identified. To identify rare and/or recurrent copy number variants, we performed a genome-wide screen for deletions and duplications in 413 isolated talipes equinovarus patients using the Affymetrix 6.0 array. Segregation analysis within families and gene expression in mouse E12.5 limb buds were used to determine the significance of copy number variants. We identified 74 rare, gene-containing copy number variants that were present in talipes equinovarus probands and not present in 759 controls or in the Database of Genomic Variants. The overall frequency of copy number variants was similar between talipes equinovarus patients compared with controls. Twelve rare copy number variants segregate with talipes equinovarus in multiplex pedigrees, and contain the developmentally expressed transcription factors and transcriptional regulators PITX1, TBX4, HOXC13, UTX, CHD (chromodomain protein)1, and RIPPLY2. Although our results do not support a major role for recurrent copy number variations in the etiology of isolated talipes equinovarus, they do suggest a role for genes involved in early embryonic patterning in some families that can now be tested with large-scale sequencing methods. 
INTRODUCTION
Isolated talipes equinovarus, also called clubfoot, is one of the most common serious congenital birth defects with an estimated birth prevalence of 1 per 1000 live births. 1 Talipes equinovarus consists of malalignment of the bones and joints of the foot and ankle, and is distinguished from positional foot anomalies because it is rigid and not passively correctable ( Figure 1 ). Approximately 20% of talipes equinovarus cases are associated with chromosomal abnormalities, or known genetic syndromes 2, 3 and it is a common component of several neurological disorders, including distal arthrogryposis, myotonic dystrophy, and myelomeningocele. Despite the frequency of talipes equinovarus in neurological disorders, no consistent neuromuscular abnormalities have been identified in isolated talipes equinovarus patients using muscle biopsy or electrophysiological examinations. [4] [5] [6] [7] Most cases of clubfeet (80%) occur as isolated birth defects and are considered idiopathic. 8 Approximately 25% of patients with isolated talipes equinovarus report a family history of talipes equinovarus, suggesting a genetic basis for this disorder. 9 Twin studies also support a role for genetic factors, as identical twins have a 33% concordance rate for talipes equinovarus compared with a 3-4% concordance rate in fraternal twins. 8 Familial isolated talipes equinovarus follows a complex inheritance pattern in most families and is not typically inherited in a simple Mendelian pattern. In New Zealand Polynesian populations with a high incidence of talipes equinovarus, the best model of inheritance is autosomal dominant with a low penetrance (33%). 10 In other populations, regressive logistic models of complex segregation suggest a single major gene effect with autosomal recessive, 11 or autosomal dominant inheritance 12 and an additional effect (polygenetic or environmental factors) shared among siblings. 13 The genetic basis of talipes equinovarus is gradually being revealed. Candidate gene studies of common polymorphisms near HOX homeobox genes, insulin-like growth factor binding protein 3 14 and caspase genes 15 are associated with isolated talipes equinovarus, although they likely explain only a small amount of the variance in talipes equinovarus susceptibility. Rare mutations have been identified in genes involved in early limb development, including our previous identification of a single missense mutation in the bicoid-related homeodomain transcription factor gene (PITX1) in a multigenerational family with isolated talipes equinovarus. 16 PITX1 þ / À mice also exhibit abnormalities in hindlimb growth, 17 including a low penetrant, often unilateral talipes equinovarus-like phenotype similar to humans. 18 Despite these findings, however, the genes responsible for most cases of talipes equinovarus remain unknown.
Copy number variation (CNV) analysis has frequently been used to identify potential causative genes for neuropsychiatric disorders and disorders associated with multiple congenital abnormalities (reviewed in Cook and Scherer 19 ; Morrow 20 ; Stankiewicz and Lupski 21 ). However, few studies have used CNV analysis to study isolated human birth defects. 18, [22] [23] [24] [25] Rare CNVs may serve to identify candidate genes that are more typically altered by other mechanisms (ie point mutations) or they may delineate a microdeletion syndrome. Alternatively, common CNVs may be significantly more frequent in a patient population, exerting only small to modest effects on disease susceptibility.
We previously reported a CNV screen of 40 familial isolated talipes equinovarus probands and identified a chromosome 5q31 microdeletion involving PITX1 18 and recurrent chromosome 17q23 copy number variants involving the T-box transcription factor TBX4 in familial talipes equinovarus probands. 22 TBX4 is a known transcriptional target of PITX1 26, 27 and is required for normal hindlimb development, [28] [29] [30] [31] further supporting a role for the PITX1-TBX4 developmental pathway in talipes equinovarus etiology. Furthermore, PITX1 and TBX4 are two genes that are specifically expressed in the hindlimb compared with the forelimb, providing an explanation for the selective limb phenotype.
Here, we report rare and recurrent CNVs associated with isolated talipes equinovarus in a large series of 413 patients. To determine the significance of these CNVs, we performed segregation analysis in large talipes equinovarus pedigrees, as well as gene expression analysis in mouse E12.5 limb buds. Novel talipes equinovarus candidate genes disrupted by these CNVs suggest the importance of genes involved in transcriptional regulation of early limb development and provide important insights into the pathways responsible for this common human birth defect.
MATERIALS AND METHODS

Patient samples
We identified 420 isolated idiopathic talipes equinovarus probands from the Washington University Musculoskeletal DNA Databank who were recruited from St Louis Children's Hospital, St Louis Shriners Hospital, Levine Children's Hospital (Charlotte), or Sinai Hospital (Baltimore). The study protocol was approved by the Institutional Review Board of each institution, and all subjects and/or parents gave informed consent. Patients were diagnosed with talipes equinovarus based on the physical examination findings by a single orthopedic surgeon from each contributing institution. Individuals were excluded if they had additional congenital anomalies, developmental delay, or known underlying etiologies such as arthrogryposis, myelomeningocele, or myopathy. Blood and saliva samples were collected from affected individuals and unaffected, and affected family members when available. DNA extractions were performed using the manufacturer's protocols using either the DNA Isolation Kit for Mammalian Blood (Roche, Indianapolis, IN, USA) or the Oragene Purifier for saliva (DNA Genotek, Kanata, ON, Canada).
CNV data analysis
Isolated talipes equinovarus probands were screened for genomic copy number variants (CNVs) on the Genome-wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA). Copy number polymorphisms were called using the Affymetrix Genotype Console, Birdsuite software (Affymetrix) and copy number intensities for each marker were evaluated against 270 HapMap reference samples. Samples with contrast QCo0.4 and MAPD 40.35 were excluded from further analysis (n ¼ 7), thus 413 probands were used to identify novel CNVs. CNVs were quantitatively limited to those Z125 kb in size and Z50 markers with o50% overlap with known CNVs attained from the Database of Genomic Variants (DGV) (http://projects.tcag.ca/variation) and 666 Caucasian controls of European-American ancestry from a bipolar disorder study 32, 33 and 93 scoliosis Caucasian controls (unpublished data) evaluated with the same platform (Affymetrix 6.0). Copy number changes were also visually inspected in the Affymetrix Genome Browser. A subset of CNVs, including all of the CNVs described in Table 1 , were validated by quantitative PCR using three PCR primers per CNV and segregation analysis was performed using the indicated family members.
Gene expression profiling
Hindlimb buds were collected from wild-type mice at embryonic day E12.5. Hindlimb buds from two embryos (four hindlimb buds) were combined for each biological sample. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) and further purified using RNeasy (Qiagen, Venlo, Netherlands). Three biological samples were hybridized to the MouseRef8expression Bead Chip (Illumina, San Diego, CA, USA), performed by the Washington University Microarray Core Facility and analyzed with Bead Studio (Illumina) software. Expression values were quantile normalized and detection P-values were determined for each probe. Mean signal intensities were calculated for present probes using the manufactures recommended threshold, defined as detection P-values o0.05 34 across three biological replicates.
RESULTS
To determine whether genomic copy number variants (CNVs) are responsible for isolated talipes equinovarus, 413 Caucasian probands were screened for CNVs with the Affymetrix Genome-wide Human SNP Array 6.0. The cohort was typical of isolated talipes equinovarus and consisted of 16% familial (defined as having a first-degree relative affected with isolated talipes equinovarus), 66% male, and 61% bilateral talipes equinovarus patients ( Table 2) . We limited our analysis to CNVs that were Z125 kb and supported by Z50 markers in order to enrich our data set for high confidence variants because all tested CNVs meeting these criteria were confirmed with rt-PCR (n ¼ 20).
Rare CNVs identified in talipes equinovarus probands
To identify rare variants, we considered only CNVs with o50% overlap with known CNVs obtained from the DGV and 759 controls evaluated with the same Affymetrix 6.0 platform. We identified 118 CNVs in 94 talipes equinovarus probands that were not present in unrelated Caucasian controls of European-American ancestry (Table 3) . (See Supplementary Table 1 for a list of all rare CNVs). These rare CNVs range in size from 125 kb to 3.6 Mb Candidate genes disrupted by rare CNVs To identify potential candidate genes associated with talipes equinovarus, we evaluated only CNVs that overlap one or more UCSC (University of California Santa Cruz) genes. With this approach, we identified 74 CNVs in 61 talipes equinovarus probands whose genome contains Zone rare gene-containing deletion or duplication. Of these, 23 CNVs involve a single gene and 51 involve multiple genes. We then determined which of these genes are expressed in the developing hindlimb at a relevant developmental time period by performing expression analysis of mouse E12.5 hindlimb buds using the Illumina MouseRef-8 expression Bead Chip. This strategy was chosen as several genes previously shown to be associated with talipes equinovarus are expressed at this time in limb development. 18, 22 In the CNVs that were identified in our isolated talipes equinovarus patient cohort, we identified 74 genes that are expressed at E12.5 in the developing mouse hindlimb (Supplementary Table 2 ).
Segregation analysis of rare CNVs in talipes equinovarus families
To determine the pathologic significance of the identified CNVs, we selected 20 CNVs to test for segregation within families (Table 1) . We prioritized large CNVs (4500 kb), and CNVs containing UCSC genes that are expressed in the E12.5 mouse hindlimb or are known to be involved in limb development. We identified 11 CNVs that segregate with talipes equinovarus and one de novo CNV (Figures 2 and 3 ). These include two families with identical 2.1 Mb recurrent chromosome 17q23 duplications involving TBX4 that we described previously 22 and a deletion of PITX1 segregating over three generations that was also described previously. 18 We identified four CNVs that segregated with talipes equinovarus with reduced penetrance and three CNVs that were validated in the affected probands, but failed to segregate with all affected family members.
Clinically relevant recurrent CNVs identified in talipes equinovarus patients
In addition to studying novel rare CNVs associated with isolated talipes equinovarus, we also identified common recurrent CNVs that are present in the DGV and may be clinically relevant to the talipes equinovarus phenotype (Table 4 ). Deletions and duplications of chromosome 2q13 have been previously described in patients with hypotonia, developmental delay, limb contractures, and cranial dysmorphic features. 36, 37 We identified a de novo deletion of chromosome 2q13 in one talipes equinovarus patient and none of our controls. Although this patient was developmentally normal at the time of the study (age 1), by the time of publication (age 3) she was noted to have mild motor delay. Large recurrent 10q22q23 deletions and duplications overlapping 430 UCSC genes (at hg18: chr10:81682644-88931994) have previously been described in patients with cognitive and neurobehavioral abnormalities, and dysmorphic features. 41, 42 Hypotonia was described in three patients and a single patient had bilateral talipes equinovarus. We identified a 582 kb microdeletion (chr10:87438277-88020530) within this region resulting in the deletion of a single gene, the glutamate receptor, ionotropic, delta 1 (GRID1), in an affected mother and son, suggesting a possible role for GRID1 in the etiology of talipes equinovarus.
Deletions and duplications of chromosome 16p13.1 have been implicated in a variety of neuropsychiatric disorders, 38 thoracic aortic aneurysms and dissection, 39 as well as skeletal manifestations including hypermobility, craniosynostosis, and polydactyly. 40 We identified an enrichment of chromosome 16p13.1 CNVs (P ¼ 0.036), consisting of one deletion and three duplications in our isolated talipes equinovarus cohort and a single duplication in our bipolar controls. These patients are all developmentally normal and lack family history of aortic or neuropsychiatric disease.
We also identified two small CNVs in talipes equinovarus patients consisting of either a partial deletion or duplication of the larger chromosome 22q11.2 region that causes DiGeorge syndrome. 43, 44 DiGeorge syndrome presents with a variety of manifestations including palatal anomalies, velopharyngeal insufficiency, heart defects, hypocalcemia, immune deficiency, and facial anomalies. Although skeletal anomalies are not a defining feature of DiGeorge syndrome, rare cases of lower limb defects including talipes equinovarus have been described in chromosome 22q11 deletions. [45] [46] [47] Finally, we detected two individuals with Klinefelter's syndrome (XXY) who were not previously known to have this disorder. Like the other individuals in this study, these individuals presented with isolated talipes equinovarus, and are cognitively and physically normal at 45 years follow-up.
DISCUSSION
Genomic copy number analysis is a powerful method for providing insight into disease pathogenesis. Although its predominant use has been in studying individuals with neuropsychiatric disorders or multiple congenital anomalies, our research adds to the literature supporting the use of CNV analysis to study isolated birth defects. [23] [24] [25] 48 Copy number analysis can be particularly effective for parsing out genetic pathways when, as in our case, it can be used Table 3 .
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DM Alvarado et al in large cohorts and combined with segregation analysis in disorders that do not significantly alter reproductive fitness. Several of the CNVs segregating with talipes equinovarus that we identified in this study contain transcription factors or transcriptional regulators of hindlimb development, including PITX1, TBX4, HOXC13, RIPPLY2, CHD (chromodomain protein)1, and UTX ( Figure 4) . As a class, transcription factors are more likely than other genes to cause disease in a haploinsufficient state, and are therefore more likely to be causative when present within a CNV. 35, 49 Specifically, many of the candidate genes within the CNVs that segregate with isolated talipes equinovarus have a low haploinsufficiency index (Table 1) , indicating a high predicted probability of being haploinsufficient. 35 Furthermore, many human disorders caused by transcription factor haploinsufficiency also result in incompletely penetrant phenotypes, 50 consistent with previously described complex segregation of talipes equinovarus in families. 10 Interestingly, several genes located within the talipes equinovarus CNVs are specifically expressed in the hindlimb compared with the forelimb or known to be involved in early embryonic patterning. PITX1 and TBX4 are transcription factors that are essential for normal lower limb development 17, 28, 29, 51 and CNVs involving each are associated with talipes equinovarus. 18, 22, 52 Although we identified recurrent duplications of chromosome 17q23 involving TBX4 in this report, reciprocal deletions have also been associated with talipes equinovarus. 22 Vertebrate HOX genes are important for embryonic patterning 53, 54 and limb bud formation, [55] [56] [57] [58] [59] [60] [61] and mutations in HOXD and HOXA genes have previously been shown to cause non-talipes equinovarus limb malformations. 62, 63 Here, we identified a small Figure 3 CNVs identified in talipes equinovarus patients and the genes located within them. Log2 ratios and copy number state are shown for rare CNVs identified in isolated talipes equinovarus probands. UCSC candidate genes (hg18 build of the UCSC genome browser) are indicated. Note that the two patients were found to have identical chr17q23.1q23.2 CNVs, and non-overlapping nearby chrXp11.3 duplications were detected in two separate patients. The chr6q14.2q14.3 duplications that are nearly contiguous were found in a single patient. More details about these CNVs are shown in Table 3 .
Copy number analysis in talipes equinovarus DM Alvarado et al chromosome 12q13.13 deletion involving only the 5 0 upstream regulatory region of the HOXC cluster and the first exon of HOXC13 that segregates with talipes equinovarus over three generations. Similar to PITX1 and TBX4, the HOXC 5 0 genes are differentially expressed in the hindlimb compared with the forelimb, 64 making these genes compelling candidates for talipes equinovarus. However, talipes equinovarus was not described in HOXC13 knockout mice, whose limb defects appeared to be restricted to nail hypoplasia. 65 This suggests the intriguing possibility that the chromosome 12q13.13 talipes equinovarus phenotype may specifically result from deletion of regulatory regions that regulate the expression of other HOXC genes or noncoding RNAs (ie, HOTAIR) during lower limb development.
We also identified CNVs in talipes equinovarus patients that involve CHD1 and UTX, two genes that were previously shown to have a functional role in regulating HOXC gene transcription. 66, 67 A de novo chromosome 5q21.1 deletion that disrupts the CHD1 was found in a female with isolated talipes equinovarus and a duplication of the ubiquitously transcribed tetratricopeptide repeat gene on X chromosome (UTX) was found to segregate with familial talipes equinovarus. CHD1 recognizes H3K4me and promotes transcriptional elongation of hypomethylated HOX genes in mouse hindlimb fibroblasts. 66 UTX is enriched around the transcription start sites of HOX genes in primary human fibroblasts and has been shown to regulate H3K27 methylation at HOX gene promoters. 67 Morpholino inhibition of zebrafish UTX results in misregulation of HOX genes and developmental defects in posterior somitogenesis. 67 Our identification of CNVs affecting CHD1 and UTX regulators of HOX genes and the 5 0 regulatory region of the HOXC gene cluster suggests that impaired regulation of HOX genes may be an important mechanism of talipes equinovarus development. A role for altered HOX gene expression in talipes equinovarus susceptibility is consistent with candidate gene studies that have shown an association of talipes equinovarus with common single nucleotide polymorphisms near HOX genes, 14 though specific polymorphisms near the HOXC cluster have not yet been evaluated.
RIPPLY2 is an intriguing candidate for talipes equinovarus as it is essential for segmentation of the axial skeleton during mouse embryogenesis and establishment of rostrocaudal polarity during somite segmentation. 68, 69 We identified a chromosome 6q14.2 microduplication involving RIPPLY2 that incompletely segregates with talipes equinovarus over three generations. Furthermore, the RIPPLY family of proteins have previously been shown to regulate T-box transcription factors during embryogenesis, 70 suggesting a possible link to the PITX1-TBX4 pathway during limb development.
Four novel CNVs were verified in talipes equinovarus probands that do not segregate with disease. Although these novel CNVs are neither necessary nor sufficient for the talipes equinovarus phenotype, these CNVs should not be excluded from future study as they may be low-penetrant risk factors or modifiers of the talipes equinovarus phenotype.
Currently, prenatal karyotyping is variably recommended for isolated talipes equinovarus based on a 0-5.9% frequency of karyotype abnormalities. 71, 72 Interpretation of CNVs identified for clinical purposes will be aided by the additional knowledge of variants that are associated with isolated birth defects, as we have begun to uncover in the current study. Clinical relevance is also supported by Figure 4 Hindlimb transcriptional regulatory pathway genes suggested to be important in talipes equinovarus pathogenesis. Three hindlimb specific genes (PITX1, TBX4 and HOXC) and their transcriptional regulators (UTX, CHD1 and RIPPLY2) are contained within CNVs that segregate with talipes equinovarus, suggesting an important role for these genetic pathways in talipes equinovarus etiology.
Copy number analysis in talipes equinovarus DM Alvarado et al our observation that the chromosome 17q23 CNV containing TBX4 is associated with severe, treatment-resistant talipes equinovarus. 22 Although our data set represents one of the largest CNV studies of an isolated birth defect, thousands of additional patients with isolated birth defects need to be studied to avoid the current ascertainment bias present in both the literature and variant databases that stems from data based predominantly on children with neurocognitive disorders or multiple congenital anomalies. Potentially important recurrent CNVs or aneuploidy were identified in 2.2% of our isolated talipes equinovarus probands. Interestingly, XXY (Klinefelter's syndrome) was identified in 2 out of 281 males in our study, compared with a recently reported frequency of nearly 1 in 500 males. 73 Although these two are not statistically significant by themselves, three additional males with known XXY karyotype are present in our Washington University Talipes Equinovarus Database but were excluded from this study, resulting in an overall B1% incidence of XXY in males with talipes equinovarus (5/581). The clinical significance of the chromosome 16p13.1 duplication is unclear, as the frequency of duplication in our talipes equinovarus population is nearly as high as that reported in patients with thoracic aortic disease. If this CNV is truly overrepresented in talipes equinovarus, then it will be interesting to determine the mechanism by which this CNV is associated with such diverse disorders.
The results of our study suggest that while there is not an overall increase in CNVs in talipes equinovarus patients, clinically important CNVs may alter the recurrence risk in some families. We anticipate that the data set of genes involved in the CNVs that we identify here will be extremely valuable to future whole-genome sequencing studies as mutations in these genes or nearby enhancers might cause isolated talipes equinovarus in other cases. Finally, our results are beginning to reveal pathways that might be important in the talipes equinovarus pathogenesis. Further understanding of these genetic pathways may lead to improvements in the care of children with limb birth defects. 
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